Abstract. The synthesis and NMR analysis of several diastereoisomeric Naproxyl-Naproxenate, Naproxyl-Ibuprofenate and Ibuprofyl-Naproxenate esters are reported. The NMR high resolution spectra run in presence of the chiral shift reagents and variable temperature analysis were done to study the dynamic properties of these esters.
Introduction
The two popular anti-inflammatory and analgesic compounds Naproxen ((2S) 2-(6-methoxy-2-naphtyl) propanoic acid) ((2S)-1) and Ibuprofen ((2S) 2-(4-isobutylphenyl) propanoic acid) ((2S)-2) belong to the non-steroidal anti-inflammatory drug family (NSAID). They are derivatives of propionic acids and are often used as an alternative to salicylates in non-prescription pain relief drugs. The presence of the carboxylic group is responsible for partial gastrointestinal toxicity [1, 2] . One possible way to reduce gastrointestinal toxicity is by amidation of the carboxyl, as performed in the case of acetaminophen, but can also be done via different esterifications. This approach opens simple but unusual routes to new drug design. It is worthy to note that Naproxen esters were prepared and tested by our group for different physiological activities (e.g., as germination inhibitors) [3, 4] .
Shanbhag studied a series of Naproxen and Ibuprofen esters, in particular, for gastrointestinal toxicity [5] . The alcoxy moiety of these esters came from phenyl and ethylamine derivatives. Since hydrolysis will eventually occur and yield the free drug and free alcoxy moiety, testing is essential as foreign substances usually have an effect whether it be positive or negative. In order to reduce such effects, our group was interested in preparing and in studying the properties of esters obtained by coupling either acids (2S)-1 or (2S)-2 to their corresponding alcohols, naproxol ((2S) 2-(6-methoxy-2-naphtyl) propan-1-ol) ((2S)-3) and ibuprofenol ((2S) 2-(4-isobutylphenyl) propan-1-ol) ((2S)-4) (Scheme 1). The resulting homo or hetero Naproxen or Ibuprofen esters (e.g., (2'S,2S)-5, (2'S,2S)-6 and (2'S,2S)-7) have several potential applications. First the masking of the carboxylic group via esterification is done with the closely related alcohol, reducing gastrointestinal toxicity. Secondly, the hydrolysis of the ester releases the acid and its corresponding primary alcohol, which can subsequently be oxidized to the acid in presence of the appropriate enzymes. These alcohols could be considered as the direct oxidation precursor of the acid. Their oxidation, although necessary to display the additional NSAID activity from the twin product compared to the administration of the free Naproxen, for instance, is easily foreseeable under normal physiological conditions without compromising digestive tract integrity.
The second important problem which occurs is the fact that both drugs are chiral and the asymmetric carbon configuration for physiological activity must be S. The epimeric compounds have both lesser activity and need to convert to the S epimer in the human body, as it is the case for (2'S)-2, or eventually are toxic as it is for R-Naproxen. The use of racemates, as for (2'S)-2, is done in practice [6] [7] [8] , however in the case of Naproxen the only enantiopure form worthy of interest is the S configuration.
Four diastereoisomers can be synthesized from the esters. Isomer (2'S,2S)-5 is the main synthetic interest. However, the remaining three diastereoisomers (2'S,2R)-5, (2'R,2S)-5 and (2'R,2R)-5 may be of some interest if we consider their mechanisms of action and perform some molecular modelling of inhibition of prostaglandin synthesis by these compounds, and assess their potential in the design of new drugs. Finally, it is also foreseeable that the epimeric esters are obtained in trace quantity (or more) during the esterifications, especially under p-TsOH catalysis.
Having in hand all enantiomeric alcohols, acids and esters we can also study their molecular properties as seen from NMR experiments. Two sets of experiments are of particular interest -the application of chiral shift reagents to identify the epimerisation degree on the ester and the identification of the specific epimer from the differential induced chemical shift. On the other hand, variable temperature experiments will show the molecular motions within two large aryl esters.
The synthesis of both enantiomeric acids and alcohols for both series will also enable to synthesize the mixed esters, those in particular having naproxyl and ibuprofen residues coming either from acyl or alkoxyl part of these compounds. Finally, in a search for new physiological activity within this family of compounds, the esterification of (2S)-1 (or (2S)-2) could be done with more complex alcohols. In our study we have coupled it to the alcohols coming from the important prenylation precursor -isoprene oxide. These esters can be used as precursors in an active transport of nitrogen monoxide (NO) [9] [10] [11] [12] .
In this paper we report on the synthesis and the NMR properties of these hindered esters by p-toluenesulfonic acid (p-TsOH) catalysis and on the use of the Micro-wave Assisted Processes (MAP TM ), family of technologies [13] [14] [15] [16] .
Results and discussion

Variable temperature experiments
Variable temperature experiments were performed on (2'S,2S)-5, (2'S,2S)-6 and (2'S,2S)-7 esters. In particular the homo esters, having identical substitution on both sides of the ester group, are showing specific behaviors. The fact that two identically substituted aromatic rings present such different spectra indicates that their average magnetic environment is different. Protons of the aromatic alcohol moiety are under the influence of the same environment, however, from NMR spectra, those of the acyl part of the ester are seeing a different environment, essentially due to varying axial rotations speeds.
The esters in this family are represented by a two-axis system (A and B) with two different rotations around these axes displaying different velocities dependent on ambient temperature (Fig. 1) . Several cases of similar phenomena and different speed of internal rotation behavior are described in the literature and reported as rotors [17] . For these ester systems, the following should be verified: is this behavior coming from the epimerisation of α-to carbonyl carbon during the experiments, or is it due to the chirality (configuration) on both side of the ester bond that influences these rotations, and finally, what is the temperature effect on diastereoisomers as shown from the proton NMR spectra.
In order to modify this environment, we have recorded a series of spectra of ester (2S',2S)-5 at temperatures varying from 7 to 50 • C (Fig. 2) . Increasing the temperature to 50 • C induced small modification in the spectra such as increased proton non-equivalency of the aromatic signals from the acyl side while the aromatic protons from the alkoxyl side of the ester were perfectly equivalent.
The diastereotopic methylene protons gave rise to isochronous signals at 7 • C (a doublet at δ4.2), whereas at 50 • C their environment was altered and their resonances were both downfield shifted and slightly separated (doublet of doublets of doublets). While peak height suggests doublet of doublets of quartet (ddq), at 200 MHz, there is some overlap and the resulting signal resembles ddq.
These differences in behavior with temperature variation mean that the differences in ring dynamics of two aromatic cycles of the molecule resulted from the different mobility around the internal rotation axis (Fig. 1) . The aromatic protons equivalence from the alkoxyll side can be interpreted as the axial rotation around O-CH 2 and CH 2 -CH(CH 3 ) bonds. This behavior was observed for several diasteroisomeric esters despite the lesser optical purity of some diasteroisomers.
The simplest models for this series without the asymmetric center are the (2-phenyl propyl) 2-phenyl propionates 8 and 9 (Scheme 2). Both were synthesized by acid chloride methodology with the appropriate acid chloride and alcohol. While phenyl does not possess the same rotational properties as naphtyl, these esters also display the same rotamer property as those with asymmetric esters. We concluded that this behavior is independent on the configuration of asymmetric centers.
The conformation of the homo esters gives rise to a non-equivalence of the aromatic rings and also to that of the protons from the methylene signal (O-CH 2 ). We used molecular modelling to assess the conformation of the esters. The starting geometry was that of both bulky residues opposite to each other to minimize their repulsion. For ester (2'S,2S)-5, the resulting optimized conformation was not linear Scheme 2. Model esters.
as expected but surprisingly, the naphtyl groups were perpendicular to each other. Further modification of this conformation by rotating one naphtyl until both were parallel (both in the same plane) and then optimizing the geometry, led to the determination of the privileged conformation of these esters as being folded in a syn conformation (see Fig. 9 ).
The administration of multiple drugs is not usually recommended, but (2S)-1 and (2S)-2 are compatible with each other. In order to complete the whole picture, Nap-Ibu and Ibu-Nap esters were considered. Having achieved the reduction of (2S)-2 to (2S)-4 from a fresh BH 3 -etherate solution, we immediately tried to form ester (2'S,2S)-6. To compensate for poor water elimination from the reaction medium, we filled the Dean-Stark tube with anhydrous toluene thus completing the reflux system from the start. The yield was almost quantitative. Interestingly, from the NMR spectra, methylene protons were isochronous. Therefore, structure mobility is more pronounced at room temperature than for Naproxen homo esters. Further proof of this lies within the aromatic protons of ibuprofen moiety. The aromatic protons of (2S)-3 are composed of two sets of well resolved doublets of doublets (vicinal and long range coupling constants), but the corresponding protons of (2'S,2S)-6, while still displaying 8 peaks, shows significant overlap. Since the Ibuprofen moiety is smaller than the Naproxen moiety, it is understandable that it will have a greater velocity as confirmed by NMR averaged signals. Variable temperature experiments done on (2'S,2S)-6 (Fig. 3) showed a pattern similar to that of Naproxen homo esters. Non-equivalence of the methylene protons is observed at low temperatures but at higher temperatures (room temperature and above), the methylene protons become isochronous which confirms velocity observations.
Chiral shift reagents experiments
The diastereoisomeric Naproxen homo esters were examined with the help of a NMR chiral shift reagent (SR * ). Since enantiomers would yield the same information, we only examined one pair of enantiomer ((2'S,2S)-5 and (2'R,2R)-5) and one diastereoisomer ((2'R,2S)-5). This enabled us to evaluate the racemisation, enantiopurity levels, as well as verify the proton signals assignments. The esters, formed complexes with europium via the carbonyl (CO) or carboxyl groups (COO) (we are uncertain which site has a higher affinity for the SR * ), but definitely not with both methoxy groups, as the induced chemical shift was almost non-existent. Assuming that the equimolar complex (lanthanide/substrate) is the only species present at low ratio of shift reagent/compound in CDCl 3 solution, one can relate the geometry of the proton toward lanthanide on the complexation site of ester to the induced shift. Usually, the epimeric protons, being in the vicinity of the complexation center will display such a differential SR * induced chemical shift which can be related to the configuration. The optically active shift reagent can display important differences in induced chemical shifts if reagent and substrate are of the same absolute configuration (e.g., R-shift reagent for protons of R-epimer). The quasi-racemate formation between the R-shift reagent and S-proton explains smaller induced chemical shift observed for this optical isomer. The spectra of the esters were recorded in the presence of europium shift reagents (e.g., Eu(hfc) 3 The europium SR * is shifting more the signals of CH then CH 3 . The chemical induced shift pseudocontact component is expressed, according to the improved McConnell-Robertson equation, as a sum of axial and nonaxial geometrical terms where the shift depends on the angle θ formed between the metal, complexed group donor and the proton. In the case of enantiomers the cos 2 θ term is the same for the angle +θ and −θ however the R 3 distance and other trigonometric functions will vary with the geometry of the esters.
The CH 2 signals can be used to follow the progress of racemization since a racemic mixture will have an overlap of the 2 signals (Fig. 7) . During the SR * experiments, we also noted that the methylene signal (Fig. 4) of the Naproxen esters splits into two signals (Fig. 8) suggesting a certain rigidity.
These esters, being able to rotate freely, should not display such rigidity. The attraction between the two naphtyl groups, found by molecular modelling and similar to the interactions found in graphite (Fig. 9) , acts as the source of rigidity therefore creating a non-equivalence between the diastereotopic protons of the methylene group (at room temperature or lower). Similar behavior for all other Naproxen homo esters was observed.
The slopes, obtained by linear regression from the plot of the data of Figs 4, 5 and 6 show that the most pronounced separation of signals is at the carbonyl side of the ester. Also, the methyne protons have a more pronounced shift than the methyl protons. This observation means that the complexation site is not symmetric but lies closest to the carbonyl group of the ester. Two cation complexation orientations were considered, one situated along the axis of the C=O bond (at approximately 2.5 Å) and the second, with both oxygens of the ester on the less hindered face of the plane defined by the ester group (with the lanthanide centered between the oxygens). In either case, the lanthanide is closer to the carbonyl part of the ester and will induce a more pronounced shift of the protons at the carbonyl side. When considering molecular modeling to determine the nature of the complexation site, four possible scenarios arise (Fig. 10) . A simple alignment of the europium complex along the desired position has proved futile as Hyperchem simulates in vacuum and therefore the only interactions are those of the free molecules which were moved apart as to minimize repulsions.
The calculated S/R pseudocontact shift ratios (Table 1 ) from a modified McConnell-Robinson equation (experimental section), should be higher than 1 (S/R > 1) to be in accordance with experimental observations. Distances and angles, obtained from these simulations, have lead to ratios that are higher than 1 for some signals but not for all. To concur with experimental results every calculated shift has to be higher than 1. If this condition is not fulfilled, these models are not valid. To prevent the molecules to be separated too far to minimize repulsion, two new models were created with the europium coordinated to the respective complexation site. Again, from pseudo-contact shift calculations (Table 1) , the O-Eu-O and Eu-O=C models are not in accordance with experimental observations. The set of ratios that were closest to experimental observations was for model iii since for 3 of the calculated shifts, while under 1, were close to 1 and the fourth being higher than 1. Further modifications of iii might lead to a better approximation.
Prenylation of propionates -linkers to NO generating molecules
From two commercially available alcohols, racemic isoprene-2-methyl-3-buten-1-ol (10) and isomeric 2-methyl-3-buten-2-ol (11), only 10 gave a satisfactory yield of unsaturated ester (±, 2S)-12 following esterification with (2S)-1 (Scheme 3). 
Conclusion
The preparation of esters was achieved for several attempted goal products. However, the esterification of highly hindered acids, by equally cumbersome alcohols do represent a major difficulty. Due to poor water elimination during reflux, some of the yields were low. In the case of ester (2'R,2S)-6, filling the Dean-Stark tube with anhydrous toluene prior to reflux gave excellent yield. The use of microwaveassisted esterification instead of p-TsOH catalysis or acid catalysis did not improve the yield of homo or linker type ester. Linker type ester (±, 2S)-12, was however isolated in moderate yield.
The ibuprofen esters in general are more difficult to isolate. The starting alcohol for the synthesis of ester was obtained in poor yield. Since we recently obtained alcohol (2S)-4 in quantitative yield, we will attempt synthesizing the Ibuprofen homo esters again.
Because of small energy differences between chosen minimized structures, it was not possible to pinpoint the exact chelation site of the SR * with Naproxen esters by molecular modeling. We did however, determine the geometry of the ester as being stacked with the resulting attraction hindering free rotation Angles for sites i, ii and iv are O-Eu-H while angles for site iii are C-Eu-H as both oxygens are implicated in the complexation (Fig. 10) .
(even at moderate temperatures). While Hyperchem is a useful modeling tool, it does have limitations while trying to further mimic complex structures.
Preliminary physiological testing of ester (2'S,2S)-5 was done and shows low gastrointestinal toxicity. More specific physiological testing will follow.
Experimental
Naproxen, Ibuprofen, all isomers, and other products and reagents were purchased from Aldrich Chemicals. The uncommon R isomer was synthesized according to Gonzales-de la Parra method [3] . The corresponding alcohols were obtained by BH 3 reduction of respective acid. Racemic Naproxen was obtained from the S-isomer by sodium hydroxide induced racemisation followed by polarimetric control of the ethanol 10% solution. The 1 H-NMR spectra were recorded on a Bruker 200 MHz, 300 MHz or 400 MHz spectrometer. Variable temperature spectra were recorded on a Bruker 500 or 600 MHz spectrometer 13 C-NMR spectra were recorded at 50 and 75 MHz. The samples were dissolved in CDCl 3 and its residual signal at 7.24 ppm or TMS was used as an internal standard. The typical NMR procedure is described in a previous paper [15] .
The complete set of NMR experiments spectra in 1D and 2D for compounds 1-16 are available on request. The positive ion (PI) mass spectra were determined on Riber 1010 and 3010 apparatus in EI (70 eV) or CI (methane gas from Alpha gas Co.) modes using EI-CI source.
Reduction of (2S)-1 and (2S)-2 (Harrison procedure [17]) to alcohols
Acids (2S)-1 or (2S)-2 (48.8 mmol) and THF (24 ml) were placed in a 250 ml round bottom flask and cooled to 0-5 • C with an ice bath for 30 min. After dropwise addition of a BH 3 ·THF solution (1 M, 57 ml), the mixture was stirred for 30 min and extracted with aqueous HCl solution (1%, 25 ml). After evaporation of the solvents, alcohols (2S)-3 and (2S)-4 were obtained as a white powder (mp 87
• C) and a colorless viscous liquid respectively, with respective yields of 87% and 86%.
Acid catalyzed esterification: general method
Acid ( [18] [19] [20] [21] Tris[(heptafluoropropylhydroxy methylene-3 (+)-camphorate] europium was used as the shift reagent (SR * ). The stock solution of approximately 2 mg of ester in 0.5 ml of CDCl 3 was prepared. To this solution, 10 µl of SR * portions (50 mg in 1 ml of CDCl 3 ) were added to the NMR tube and left spinning 1 Dean-Stark tube was filled with anhydrous toluene before reflux. 2 MAPtex TM is a trademark of Her Majesty the Queen in Right of Canada as represented by the Minister of the Environment.
Shift reagent experiments
in the magnet for 30 min (equilibrium time) before acquisition. This step was repeated until the molar ratio of SR * to product approached 1. S/R pseudocontact shift ratio were calculated using the following equation: 
Molecular modeling
Molecular modeling simulations were done in vacuo using MM+ forcefield with HyperChem 6.02 [22] . Simulations converged when energy gradient was inferior to 0.005.
NMR data
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